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Abstract: A phase transformation of a metastable Zr2Ni intermetallic crystalline phase to vitrify was studied with molecular 
dynamics (MD) simulations based on a plastic crystal model (PCM), which utilizes the orientational disorder of molecules of plastic 
crystals in a class of soft matter. The simulation results showed that computational operations in MD-PCM for the random rotations 
of the clusters in the crystalline phase around their center of gravity and subsequent annealing lead to form a dense random packing 
structure from the metastable Zr2Ni phase. These randomly-rotated clusters provide high degrees of freedom in terms of atomic 
positions, which results in enhancing the glass-forming ability of the alloy. The critical fraction of the number of rotated clusters for 
forming the glassy phase (fcR) is evaluated to be 0.75−0.80. Thus, the critical fraction of the number of un-rotated clusters (fcU=1−fcR) 
is close to the critical concentration of site percolation for metallic materials. The mechanism of the metastable Zr2Ni phase to vitrify 
with increasing f R was analyzed with a concept of communal entropy in the free volume theory with solid- and liquid-like cells 
proposed by Cohen and Grest. The MD-PCM for the metastable Zr2Ni phase suggests that Zr-based bulk metallic glass (BMG) can 
be regarded as an alloy in a high rotation entropy state of clusters and that glass transition takes place by percolation of the nuclei of a 
liquid-like glassy phase. 
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1 Introduction 
 
The local atomic arrangements of glassy materials 
without long-range periodicity of constituents have 
created considerable scientific interest, together with an 
open question of a related glass transition phenomenon. 
The present glassy materials contain metallic glasses, 
oxide and organic glasses. Since the first success in 
fabricating an amorphous alloy in Au-Si system in 
1960[1], it is widely accepted that glasses have 
macroscopic homogeneity in terms of composition, 
morphology, structure and so forth, but they possess 
inhomogeneous features in an atomistic scale. Among 
the glassy materials, the inhomogeneous features of 
metallic glasses differ from the other glassy materials in 
that the groups of atoms as constituents do not have 
specific coordination due to the characteristic of metallic 
bonding. This inhomogeneous features of metallic 
glasses are due to solubility of solute atoms in a solid 
solution and a relevant unstoichiometric nature of 
intermetallic compounds, which is in contrast to a 
specific coordination in a SiO2 glass comprising a 
tetrahedral coordination of O2− ions around a Si4+ ion. 
This un-specified coordination nature of metallic glasses 
makes it difficult to analyze for their local atomic 
arrangements than the others. Historically, representative 
early studies of the local atomic arrangements of metallic 
glasses started with a report by Bernal[2] that firstly 
shows the significance of five kinds of polyhedra 
comprising hard spheres in a monatomic dense random 
packing (DRP) structure. Subsequently, Gaskell[3] 
reported that a Pd-Si metallic glass forms a network 
structure with edge-shared trigonal prism clusters. 
Recently, the advanced analysis of the medium range 
order (MRO) has been capable by an efficient cluster 
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packing model and icosahedral ordering reported by 
Miracle[4] and Sheng et al[5], respectively, as well as the 
highly structured supercluster model by Yavari[6]. These 
early and recent studies provide a widely accepted 
concept that metallic glasses possess macroscopic 
random atomic arrangements, in which groups of atoms 
form MROs by sharing edges and vertices of groups of 
atoms. However, current experimental analysis does not 
provide further general information on the characteristics 
of groups of atoms in a region of MROs or a larger range 
order in a system. 
Besides to experiments, MD simulation is a 
powerful tool for analyzing the local atomic 
arrangements of glassy materials in that one can deal 
with the positions of constituents in a system and their 
changes with time. However, applying MD simulations 
to glassy materials possesses some shortcomings, such as, 
extraordinary high quenching. Specifically, the 
quenching rate achieved by MD simulations is limited 
nearly to the order of ~1014 K/s, which is remarkably 
higher than the experimental results with ~106 K/s 
achievable by the conventional melt-spinning. In order to 
overcome these shortcomings, we have recently reported 
a new MD scheme to create a noncrystalline structure 
without passing through quenching from a liquid on the 
basis of a plastic crystal model[7]. The features of 
MD-PCM include hypothetical treatment of groups of 
atoms as clusters and their random rotations around the 
center of gravity. The latter feature originates from a 
feature of plastic crystals in a class of soft matter with 
orientational disorder[8]. We have applied MD-PCM to a 
metastable Zr2Ni intermetallic compound[9] to clarify 
the glass-forming ability of the Zr-based metallic glasses. 
As a next step in MD-PCM, it is worth changing the 
fractions of the number, or more simply degrees, of 
random rotations of clusters to evaluate the effects of 
randomness in terms of atomic positions on the 
formation of metallic glasses, since it is possible that 
metallic glasses with DRP structure are in a state of high 
configuration entropy in terms of atomic positions. This 
high entropy aspect of metallic glasses would be similar 
to widely accepted high-entropy alloys[10], which 
literally has high configuration entropy of alloys for 
chemical species. Thus, the present paper describes the 
features of the local atomic arrangements of BMGs with 
DRP structure from viewpoints of entropy of clusters in 
terms of atomic positions, which are provided principally 
due to the rotations of clusters in MD-PCM. 
The purpose of the present study is to perform 
MD-PCM to analyze the Zr2Ni alloy for their local 
atomic arrangement of metallic glasses and for the 
transformation kinetics to vitrify including the glass 
transition phenomena, and to clarify the effects of 
freedom of the random rotations of clusters around the 
center of gravity in MD-PCM on the formation of the 
metallic glass by focusing on entropy of the clusters. 
 
2 Methods 
 
MD-PCM was performed with commercial software 
(Fujitsu, Materials Explorer Ver.5) for the metastable 
Zr2Ni phase, which is the initial precipitate in Zr-based 
BMG[11]. Here, the metastable Zr2Ni phase has 
crystallographic data[12] of structure type of NiTi2, 
Pearson symbol of cF96 and space group of 
mFd 3 (227), and the lattice constant of a=1.12 nm[11]. 
The specified crystallographic data for the NiTi2 
structure, which is the prototype for Zr2Ni phase, are 
summarized in Table 1[12]. Figure 1 shows Zr2Ni phase 
in a dimension of the unit cell used for MD-PCM drawn 
as an ensembles of clusters. From ball and stick views of 
a metastable Zr2Ni (see Fig.1), it is seen that the Zr2Ni 
phase possesses octahedral clusters of Zr (Cluster 1), 
tetrahedral clusters of Ni (Cluster 2), and dodecahedral 
clusters of Zr and Ni atoms (Cluster 3) where the 
Clusters 1−3 are a part of the five kinds of polyhedra 
reported by Bernal[2]. We determined Clusters 1−3 
according to the crystallographic symmetry of the Zr2Ni 
phase. The descriptions of the Zr2Ni phase with clusters 
are summarized in Table 2. The Zr2Ni phase can be 
described as CuHg2Ti structure when regarding the 
 
Table 1 Crystallographic data for NiTi2 structure acquired from 
Ref.[12] 
No. Atom MWl x y z Occu.
1 Ti1 16 d 5/8 5/8 5/8 1 
2 Ni 32 e 0.8292 0.8292 0.8292 1 
3 Ti2 48 f 0.1969 0 0 1 
MWl: Multiplicity Wyckoff letter; Occu.: Occupancy; x, y, z: Coordinates 
 
 
Fig.1 Ball and stick views of metastable Zr2Ni intermetallic 
compound in a dimension of unit cell, in which hypothetical 
clusters 1−3 are included (Cluster 1 at (0 0 0) is an octahedron 
composed of Zr atoms (bigger atoms), and Cluster 2 at (1/2 0 0) 
is a tetrahedron of Ni atoms (smaller atoms), whereas Cluster 3 
at (3/4 1/4 1/4) is dodecahedron of four Zr and Ni atoms[6]) 
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Table 2 Crystallographic data for Zr2Ni structure rewritten 
under assumption that Zr2Ni structure can be treated as 
assembly of clusters[12] 
Cluster MWl x y z Occu. 
1 4 a 0 0 0 1 
2 4 b 1/2 1/2 1/2 1 
1 4 c 1/4 1/4 1/4 1 
3 4 d 3/4 3/4 3/4 1 
MWl: Multiplicity Wyckoff letter; Occu.: Occupancy; x, y, z: Coordinates. 
The cluster description of the Zr2Ni phase corresponds to CuHg2Ti structure 
type with Pearson symbol of cF16, space group of F43m and space group 
number of 216[12], except for the point that every atom in CuHg2Ti 
structure possesses occupancy of 0.71 
 
clusters as materials point. 
In simulating, a MD potential named Generalized 
Embedded Atom Method (GEAM) installed in the 
software was applied. The simulation conditions of 
MD-PCM contain the number of atoms, temperature, 
volume (constant-NTV) ensemble, and periodic 
boundary conditions, and the step for simulations is fixed 
as 1 fs. A part of the alloys studied in the present study 
and their features including preparation methods and heat 
treatments are summarized in Table 3. Together with 
MD-PCM, conventional MD simulations with quenching 
(4 500 to 500 K, 4 ps) and the subsequent structural 
relaxation were performed under the following 
conditions: holding at 4 500 K for 4 ps to form a liquid 
phase, quenching from 4 500 to 500 K for 4 ps at a rate 
of 1015 K/s), and annealing at 500 K for 4 ps. In 
MD-PCM, the Zr2Ni glassy alloy with 2×2×2 super-cell 
comprising 768 atoms was dealt with in the present study. 
Specific procedures of MD-PCM were as follows. In 
applying random rotations of clusters, we gave the  
 
Table 3 Alloys studied in the present study 
Alloy Method f R T/K t/ps Process/state
A 
MD-PCM 
(Conv. MD) 
0 500 2 – 
B MD-PCM 0.5 500 2 – 
C MD-PCM 0.75 500 2 – 
D MD-PCM 0.781 25 500 2 – 
E MD-PCM 0.812 5 500 2 – 
F MD-PCM 1 500 2 – 
G Conv. MD – 4500 2 
Holding/ 
Liquid 
H Conv. MD – 
4500 
–500 
4 
Quenching/
As-Q. 
I Conv. MD – 500 2 
Annealing/
As-Q. +Relax.
f R: The fraction of the number of rotated clusters in MD-PCM; As-Q.: 
As-quenched; Alloys H and I are created in a sequential process where 
Alloy H is created by applying quenching to Alloy G, and Alloy I is 
subjected to annealing to Alloy H 
different fractions of clusters in number from 0 to 1 at 
minimum interval of 0.03125, and then, subsequent 
structural relaxation was performed at Tr=500 K for tr=2 
ps after releasing the atomic bonds in the clusters. The 
minimum interval of 0.031 25 resulted from the fact that 
the number of clusters in the unit cell of the Zr2Ni phase 
for Clusters 1, 2 and 3 are 8, 4 and 4, respectively. Thus, 
the number of clusters in the 2×2×2 super-cell of the 
Zr2Ni phase for Clusters 1, 2 and 3 are 64, 32 and 32, 
respectively. This leads to the greatest common divisor 
for the 2×2×2 super-cell in terms of the number of 
clusters is 32 (1/32=0.031 25). The clusters to rotating 
were selected according to the coordination of the 
clusters, and those near the origin in the systems were 
selected in sequence. 
The alloys created with MD-PCM were analyzed 
for total pair-distribution function, gtotal(r), and changes 
in thermodynamic quantities of internal energy (U), 
Hamiltonian (H), kinetic energy (EK), potential energy 
(EP) and enthalpy (ET) with time (t) were monitored with 
the software. In addition, Voronoi polyhedral analysis 
was performed to examine the details of the local atomic 
arrangements with homebuilt software. 
A concept and advantageous aspects of MD-PCM 
against conventional MD simulations are shown in Fig.2. 
This schematic illustration of continuous cooling 
transformation (C.C.T.) diagram exhibits transformation 
during cooling, isothermal annealing and heating for 
simulation (S) and experiment (E). An important aspect 
to perform MD-PCM in the present study is to avoid 
rapid quenching. This is because the cooling rate of the 
conventional MD is ~1015 K/s, and is extraordinary 
higher than that of experiment by melt-spinning (~106 
K/s), and its critical value (Rc) for Zr-based metallic 
glasses (~100 K/s). The extraordinary high cooling rate 
achievable by conventional MD simulations is a serious 
disadvantageous aspect. In addition, conventional MD 
simulations have other disadvantageous aspects for 
subsequent crystallization and structural relaxation 
processes to compute at an isothermal annealing 
temperature. For instance, it is impossible to simulate the 
crystallization process by conventional MD simulations, 
since only the early stage of the crystallization can be 
simulated by conventional MD because of the limitation 
of the computation time. On the other hand, MD-PCM 
has an advantageous aspect by referring to a crystalline 
state that is experimentally tested, and by using the 
crystalline state as an initial state. Specifically, the 
computational operations in MD-PCM for random 
rotations of clusters are regarded as “rewinding time” in 
C.C.T. diagram to a time to crystallize (tcryst.) to some 
extent toward the time to start for MD-PCM (ts,MD-PCM). 
In other words, MD-PCM demonstrates the process of 
the transformation by creating a glassy state that can be a  
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Fig.2 Schematic illustration of continuous cooling transformation (C.C.T.) diagram for explaining a concept of MD-PCM 
 
state of just before the crystallization to take place or 
structural relaxation to occur. These features of 
MD-PCM to perform at the late stage of the 
crystallization process are considerably different from 
those of the process by conventional MD simulations. 
Thus, it is the principal aspect to perform MD-PCM for 
avoiding quenching process from a liquid and skips of 
the early and middle stages of crystallization and 
structural relaxation. 
 
3 Results and discussion 
 
Firstly, MD-PCM and conventional MD were 
performed to examine the simulation results with an 
experimental data. Figure 3 shows gtotal(r) for the 
simulation results for Alloys F–I, together with an 
experimental data acquired from Ref.[13]. In Fig.3, the 
simulation result by MD-PCM (Alloy F) reproduces the 
features of the results by conventional MD simulations in 
states of as-quenched (As-Q.), and As-Q.+relaxed, which 
are denoted by Alloys H and I, respectively. In particular, 
the simulation results for Alloys F, H and I are in good 
agreement with the experimental data for gtotal(r) values 
at r=0.2−0.24 nm where the gtotal(r) values increase 
suddenly with increasing r. The simulation results for 
Alloys F, H and I reproduce the features of the primary 
peak located at r ranging 0.2−0.3 nm. On the other hand, 
the second, third and forth peak positions of the 
simulation results located around r=0.45, 0.7 and 0.93 
nm have a shorter intervals than the experimental data 
with r=0.5, 0.75 and 0.98 nm. These differences in 
 
 
Fig.3 Total pair-distribution function, gtotal(r), for Zr2Ni alloys 
created by MD-PCM, together with experiment data[13] 
 
intervals for the second, third and forth peak positions 
are presumably due to difference in the lattice constant 
(super-lattice constant) between the simulation and 
experimental results. 
Figure 4 demonstrates the atomic arrangements of 
the simulation results shown as ball and stick views 
where the different fractions of the number of rotated 
clusters are given in MD-PCM from 0 to 1. In Fig.4, the 
fraction of the rotated clusters (f R) in MD-PCM is (a) 0, 
(b) 0.50, (c) 0.75, (d) 0.781 25, (e) 0.8125 and (f) 1. 
These alloys created with MD-PCM are named as Alloys 
A–F in sequence. Here, Alloy A is equivalent to the alloy 
created by conventional MD simulations at 500 K for 2 
ps, since no cluster-rotations are given in MD-PCM.  
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Fig.4 Ball and stick views of metastable Zr2Ni phase under condition that a part of clusters are allowed to rotate randomly around 
center of gravity in MD-PCM. Alloys and the fraction of the randomly-rotated clusters: (a) Alloy A with fcR=0; (b) Alloy B with 
fcR=0.5; (c) Alloy C with fcR=0.75; (d) Alloy D with fcR=0.781 25; (e) Alloy E with fcR=0.812 5; (f) Alloy F with fcR=1 (Thick guide 
curve and lines in Figs.2 (c) and (d) are drawn to show fear periodicities of atoms) 
 
Figure 4(a) shows that Alloy A exhibits the periodic 
arrangements of the atoms along the down-right and 
up-side directions, indicating that this alloy appears to 
hold a Zr2Ni crystalline phase. For Alloy B (see Fig.4(b)), 
some of the atomic positions deviate from the original 
ones for the perfect crystalline state of the Zr2Ni 
crystalline structure. However, it seems that Alloy B as a 
whole keeps periodic atomic arrangements inherent to 
the Zr2Ni phase. In strong contrast, Fig.4(f) for Alloy F 
demonstrates randomly-distributed atomic arrangements, 
indicating that Alloy F is formed in a liquid-like or 
glassy phase by vitrification of the Zr2Ni crystalline 
phase. A similar tendency to form a glassy phase can be 
seen in Fig.4(e) for Alloy E. Thus, Fig.4 explains that the 
alloys vitrify gradually with increasing the fraction of the 
rotated clusters from Figs.4 (a) to (f). It appears that the 
atomic arrangements of Alloys C and D are different 
from those of Alloys A and B, E and F, because Alloys C 
and D contain regions of periodic arrangements in 
inherent to crystal at the place guided with a solid curve 
and lines, together with the other reasons exhibiting 
random atomic arrangements. Thus, Fig.4 does not 
provide the accurate value of the critical fraction (fc) of 
the number of rotated clusters to vitrify, but it is possible 
that fc lays 0.75−0.8 for Alloys D and E. 
Figure 5 shows gtotal(r) for Zr2Ni alloys created by 
MD-PCM and conventional MD simulations performed 
at 0 K. The gtotal(r) for alloys shown in profiles (A−F) 
exactly results from the alloys in Figs.4(a−f), 
respectively. Figure 5(a) contains the gtotal(r) for the 
Zr2Ni alloy simulated at 0 K with sharp periodic peaks, 
indicating the presence of a long-range periodicity 
intrinsic to the Zr2Ni crystalline phase. On the other hand, 
profile F in Fig.5(a) has a broad primary peak around 
r=0.25 nm, followed by conversing variations and its 
gtotal(r) at r=1.0 nm reaches unity. Thus, the profile F in 
Fig.5 satisfies the features of a liquid-like structure. 
Besides, profile E in Figs.5(a−b) exhibits the similar 
tendencies in variations to those of profile F. In contrast 
to the features of profiles E−F, profile A in Fig.5(a) 
exhibits rather sharp peaks, together with non-zero 
values at r>0.35 nm. These features of profile A are 
similar to those of profile B, except for points that the 
periodic sharp peaks in profile A denoted by downward 
arrows in Fig.5(a) are broader than peaks in profile G 
and that periodic variations of the sharp peaks in profile 
A with intervals ranging 0.05 to 0.1 nm are larger than 
those for conventional MD for Zr2Ni at 0 K in Fig.5(a). 
The atomic arrangements shown in Fig.4(a) and the 
periodic variation in profile A in Fig.5(a) explain that the 
alloy A is in a crystalline state. The profile B in Fig.5 has 
similar tendencies to profile A that they also exhibit the 
periodic variation with peaks around the positions 
indicated with arrows downwards in Fig.5(a). In contrast, 
profiles C−F exhibit no apparent periodic variations 
denoted by arrows downward in Fig.5(a) at r longer than 
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Fig.5 Total pair-distribution function, gtotal(r), for Zr2Ni alloys created by MD-PCM (Alloys A−F) and by conventional MD for Zr2Ni 
at 0 K 
 
0.4 nm. Among Alloys C−F, the profile C exhibits small 
differences at r around 0.46, 0.68 and 0.75 nm where a 
tiny peak denoted by arrow downwards can be observed 
in Fig.5(b). These analysis suggests that Alloys A−C 
could be separated from Alloys D−F, and the threshold 
value of fcR would lay around fcR=0.78 near Alloy D. 
From Fig.4 and Fig.5, it is concluded that Alloys E and F 
are in liquid states, whereas Alloys A and B are in 
crystalline states and Alloys C and D are in a transition 
state. Thus, the critical fraction (fcR) of the rotated 
clusters to form a glassy phase is nearly 0.75−0.80. 
Figures 3−5 explain that the metastable Zr2Ni 
crystalline alloy vitrifies at fcR=0.75−0.80. Hence, the 
critical fraction of the un-rotated clusters (fcU=1−fcR) is 
0.20−0.25. This transformation from a crystalline to 
glassy phase was analyzed with a critical concentration 
of site percolation (pcsite) and a concept of communal 
entropy in the free volume theory proposed by Cohen 
and Grest[14]. It was reported[15] that the values of pcsite 
are evaluated to be 0.27 for DRP, 0.198 for fcc, 0.245 for 
bcc, 0.311 for simple cubic and 0.428 for diamond 
structures. These values for pcsite indicate that metallic 
materials have pcsite ranging approximately 0.2−0.3 
depending on structure. Thus, the value of fcU 
(0.20−0.25) is rather close to the value of pcsite=0.198 for 
fcc structure and 0.245 for bcc structure. The transition at 
fcR=0.75−0.80 (fcU=0.20−0.25) in MD-PCM is partially 
supported by a glass transition discussed with the free 
volume theory proposed by Cohen and Grest[14], in 
which a sharp increase in communal entropy is observed 
at the glass transition phenomenon as shown in Fig.6. 
Figure 6 schematically shows changes in normalized 
communal entropy (Sc, Norm.) plotted against a function of 
the fraction of liquid-like cells (p). Original concept of Sc 
in the free volume theory is extended in the present study 
by assuming p in the free volume theory as f in the 
present study. In Fig.6, the descriptions in parenthesis, 
such as, “(Crystal)” and “(fc)” are the terms extended 
from the original Ref.[14] to apply to the present study. 
In extending the original concept the clusters rotated and 
un-rotated in MD-PCM are regarded as liquid- and 
solid-like cells in the free volume theory. As a result, in 
terms of rotations of clusters an entropy was analogically 
determined for describing crystal- and liquid-states, 
which corresponds to Sc,Norm. In the present study, we 
herewith propose normalized entropy (SC-G,Norm) 
corresponding to Sc,Norm. in order to evaluate qualitatively 
the transformation from crystal to glass. In this analogy, 
it is considered that high-entropy state in terms of Sc,Norm. 
in a liquid state at the upper left corner along the curve 
near (p, Sc,Norm)=(1,1) is achievable with p=pcz. In a 
similar way, we consider the transformation from a 
crystalline solid to liquid at fcR=0.75−0.80 with 
increasing f R, and then the system becomes a liquid state 
with high SRot., Norm. Here, we interpret that the Zr2Ni 
structure with f>fcR=0.75−0.80 has a network structure 
with rotated clusters, and the resultant percolated 
structure yields the transformation from the Zr2Ni 
crystalline to a glassy structure. Hence, it is concluded 
that glass transition is related to the formation of the 
network in the system assisted by the percolation of the 
glassy phase as nuclei. 
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Fig.6 Changes in normalized communal entropy (Sc,Norm.) as 
function of fraction of liquid-like cells (p) acquired from 
Ref.[14] (The descriptions in parenthesis, such as, “(Crystal)” 
and “(fcR)” are the terms extended applications of the original 
concept for glass-liquid transition to present study) 
Further analysis to evaluate the thermodynamic 
quantities was performed during the annealing process in 
MD-PCM. Figure 7 shows the changes in pressure (P), 
internal energy (U), Hamiltonian (H), enthalpy (ET), 
potential energy (EP) and kinetic energy (EK) during 
annealing at 500 K in MD-PCM for alloys with fraction 
of rotated clusters of Alloys A (f R=0), B (0.5), C (0.75), 
D (0.781 25), E (0.8125) and F (1). Alloy A exhibits 
almost unchanged variation during annealing time 
excepting for an early stage ranging t=0−0.2 ps, indicates 
that GEAM potential is appropriate for the Zr2Ni phase. 
On the other hand, Alloys B–F exhibit that all the 
quantities monotonically decrease with t. These decrease 
in the quantities with t indicating that every alloy reaches 
each metastable state during annealing. Among the 
quantities at t=2 ps, EK in Figs.7(f) is independent to 
alloys on account of a fact that EK is a function of 
temperature, whereas the other quantities at t=2 ps tend  
 
 
Fig.7 Changes in pressure (P), internal energy (U), Hamiltonian (H), enthalpy (ET), potential energy (EP) and kinetic energy (EK) 
during annealing at 500 K in MD-PCM for alloys with fraction of rotated clusters of f R=0, 0.50, 0.75, 0.78125, 0.8125 and 1, which 
corresponds to Alloys A–F, respectively (the magnitude of EK is different from U, H, ET and EP) 
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to increase with increasing f R from Alloys A (f R=0) to F 
(f R=1) monotonically. However, no apparent difference 
in the quantities of P, U, H, ET and EP at t=2 ps in 
Figs.7(c−f) are seen between the Alloys C−F. Thus, 
energetic evaluation does not provide the drastic change 
in the thermodynamic quantities between a crystalline 
and a glassy phase. It should be noted that at t=2.0 ps 
almost the same thermodynamic quantities are evaluated 
for Alloys C−F, in which a phase transition from a 
crystalline to glass should take place with increasing f R. 
This suggests that a key factor determining to vitrify is a 
slight change in the states in the early stage around 
t=0.02 ps, where the profiles for Alloys B−F are unified 
at the same values in each figures in Fig.7(a−e), followed 
by separations of profiles B, C, D, E and F with increase 
in t. In other words, the decrease in thermodynamic 
quantities in exponential functions in Fig.7 for Alloys 
B−F demonstrate the difference in structural relaxations 
inherent to the slight difference in the statuses, which is 
due to the difference in their local atomic arrangements. 
Thus, slight difference in atomic arrangements in almost 
the same energetic levels between Alloy B−F at t=0.02 
ps, and subsequent separations explain the 
transformation process where Alloy B keeps a crystalline 
state and Alloys E and F goes through a glassy state. A 
possible mechanism to explain vacation between 
crystallization and vitrification could be the percolation 
of the randomly-rotated clusters, which is also related to 
cooperative motions of constituents in a system. 
Furthermore, Voronoi polyhedra analysis was 
performed to clarify the details of the local atomic 
arrangements of the Zr2Ni alloy. The crystallographic 
data of the NiTi2 structure[12] indicates that the 
polyhedral code around Ti1, Ni and Ti2 atoms shown in 
Table 1 is 125.0, 125.0 and 65.044.142.2, respectively. The 
resultant clusters are shown in Fig.8 by replacing Ti with 
Zr atom. Figure 8(a) shows that the cluster around Zr1 
atom has an icosahedron, which is slightly distorted by 
including Ni atoms with smaller atomic radius (rNi=0.125 
nm) than Zr (rZr=0.16 nm), whereas Fig.8(b) is another 
distorted icosahedron, in which the bottom pentagon 
including two Ni atoms is larger than the top pentagon 
including a Ni atom. On the other hand, Fig.8(c) is a 
polyhedra with coordination number of 14, in which 6 
atoms without connecting to square (two Zr atoms at the 
bottom and two Ni atoms) have a feature of a part of 
icosahedron as indicated with 65.0. Thus, it is interpreted 
that this cluster shown in Fig.8(c) is also related to an 
icosahedron clusters. From these crystallographic 
features of clusters shown in Fig.8, it is expected that the 
Voronoi polyhedra analysis for the Zr2Ni phase will give 
the results that Voronoi indices around Zr and Ni atoms 
in Zr2Ni phase contain (0 0 12 0 0). The Voronoi 
analysis shown in Fig.9 reveals that Alloy A with fcR=0 
has two frequent bars of CN of 12 and 14 where Zr has 
both CN of 12 and 14 and Ni has CN of 12. This result 
satisfies the polyhendron code of 125.0, 125.0 and 
65.044.142.2 as shown in Fig.8. Alloy F with fcR=1 and 
Alloy I created by conventional MD simulation in a state 
of As-Q. + Relaxed exhibit the similar tendency each 
other. Specifically, Alloys F and I have Voronoi indices 
of (0 0 12 0 0) of coordination number (CN) of 12, 
together with (0 0 12 2 0), (0 1 10 3 0) and (0 2 8 4 0) of 
CN of 14. Thus, the alloy created with conventional MD 
simulation (Alloy A, fcR=0) keeps a crystalline state. The 
frequency of the components of (0 0 12 0 0), which 
appear 348 times in 768 in the Zr2Ni phase, decreases 
 
 
Fig.8 Coordination polyhedra in Zr2Ni phase around (a) Zr1, 
(b) Ni and (c) Zr2 atoms, which have polyhedron code of 125.0, 
125.0 and 65.044.142.2, respectively, where bigger and smaller 
atoms are Zr and Ni, respectively 
 
 
Fig.9 Voronoi polyhedra analysis for Alloys I, F and I around 
Zr and Ni atoms 
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with f and formation of the glassy phase. Specifically, 
Alloy F possesses 40 times of the Voronoi index of (0 0 
12 0 0), whereas it decreases in the alloy created with 
conventional MD simulation as as-Q. (22 times) and 
As-Q. + relaxed (29 times). 
The Voronoi indices of the five types of polyhedra 
used in the present study are as follows. Trigonal prism 
contains (0 6 0 0) and (0 3 6 0), Archimedean prism (0 2 
8 0) and (0 4 4 0), deformed prism (0 3 6 1), (0 2 8 1), (0 
5 2 0) and (1 3 3 0), icosahedron (0 0 12 0), deformed 
icosahedron (0 3 6 3), (0 2 8 2), (0 4 4 4), (0 3 6 2), (0 2 
8 3), (0 1 10 2), (0 1 10 3), (0 1 10 4) and (0 2 8 4), bcc 
(0 6 0 8), fcc (0 12 0 0), deformed crystal (0 3 6 4), (0 3 
6 5) and (0 4 4 6). These classifications of types of 
polyhedra and Voronoi indices are identical from our 
previous study[17]. The results shown in Fig.10 explain 
that the Alloys F and I have a major component of 
deformed icosahedron for both around Zr and Ni, 
accompanied by the second major component of 
deformed crystal for around Zr. The most of the change 
in frequency with increasing f R in Fig.10 is monotonic or 
unchanged, excepting for the following two peculiar cases 
cases denoted by arrows in Fig.10. They are Alloy D 
with f R=0.781 25 and Alloy E with f R=0.812 5, respect- 
ively, in which the components of deformed icosahedron 
 
 
Fig.10 Voronoi polyhedra analysis for Alloys A–F and I 
around Zr and Ni atoms 
and icosahedron have each minimum frequency. Thus, it 
is possible that the presence of these minimum 
frequencies supports the previous results shown in Figs.4 
and 5 that fcR is between 0.75−0.80. 
The results shown in Figs.3−10 explain that the 
local atomic arrangements of the Zr2Ni alloy can be 
described as ensemble of cluster packed structures, 
which are percolated nearly a critical concentration of a 
minor phase. In MD-PCM, randomly-rotated clusters 
play a key factor for forming a glassy phase, and the 
resultant atomic arrangements would have high degrees 
of freedom in terms of the atomic arrangements. The 
randomly-rotated clusters can serve as nucleation sites 
for DRP structure in the Zr2Ni alloy, and the glass 
transition takes place when they are connected to form a 
network due to the occurrence of percolation. 
 
4 Conclusions 
 
Molecular dynamics (MD) simulations based on 
plastic crystal model (PCM) were performed to clarify a 
process of a metastable Zr2Ni intermetallic crystalline 
phase to vitrify. It was found that random rotation of 
hypothetical clusters in the crystalline phase around the 
center of gravity brakes the long-range order of the 
crystalline phase, leading to a glassy structure. The 
critical fractions for the number of the rotated- and 
un-rotated-clusters to vitrify, fcR and fcU with a 
relationship fcR+fcU=1, respectively, were evaluated to be 
fcR of 0.75−0.80 and fcU of 0.20−0.25. The value of fcU 
(0.20−0.25) corresponds to the minimum value of critical 
concentration of site percolation (pcsite) for metallic 
materials. The analysis revealed that the relation of fcU 
(0.20−0.25) to pcsite obtained in the present study is 
explainable as a glass transition phenomenon in the free 
volume theory proposed by Cohen and Grest. 
Specifically, the randomly-rotated clusters can be 
regarded as nuclei of a glassy phase with a characteristic 
of liquid-like cell in the free volume theory, and the 
percolation of the liquid-like cells due to 
randomly-rotated clusters leads to form a glassy phase 
with providing high rotational entropy of clusters. The 
metallic glasses resemble high-entropy alloys in that both 
alloys possess high degrees of freedoms where the 
former and the latter are identified as the ones in a high 
rotational and configuration entropy state, respectively. 
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